Perfusion-based MRI measures cerebral blood flow (CBF) at the capillary level and can be used for functional studies based on the tight spatial coupling between brain activity and blood flow. Obtaining functional CBF maps with high spatial resolution is a major challenge because the CBF signal is intrinsically low and the SNR is critical. In the present work, CBF-based functional imaging was performed at a considerably smaller voxel size than previously reported in humans. High-resolution CBF maps were obtained with voxel sizes as small as 0.9 ؋ 0.9 ؋ 1.5 mm 3 in the human brain. High sensitivity was made possible by signal-to-noise gains at the high magnetic field of 7 T and by using a novel RF combination coil design. In addition, a reduction of the field-of-view was critical to achieve 0.9-mm in-plane resolution with gradient-echo echo-planar imaging in a single shot. Functional CBF data were compared with functional BOLD data to reveal that, for CBF, large contrast-to-noise gains were obtained at high spatial resolution, indicating that the functional CBF response was more localized. High-resolution functional CBF imaging is significant for neuroscience research because it provides better localization and more specific information than BOLD for monitoring brain function. Magn Reson Med 47:903-911, 2002.
Perfusion-based imaging with NMR has evolved substantially in the last decade since its inception in animals (1, 2) . Two main MRI approaches have been developed to map perfusion: bolus tracking (1), which uses dynamic susceptibility contrast agents, and arterial spin labeling (2-4), which utilizes blood as an endogenous tracer (see reviews, 5, 6 ). The latter is based on the fact that the magnetization and relaxation characteristics of tissue water are affected by the inflow of blood water. Endogenous spin tagging approaches have the ability to measure cerebral blood flow (CBF) at the capillary level (7, 8) , which in turn reflects the delivery of oxygen and other nutrients to the brain tissues. In contrast to positron emission tomography (e.g., 9), these MR methods have potential advantages of high spatial resolution, no ionizing radiation, easier anatomical registration, and lower costs.
Perfusion MRI in the human brain has become increasingly important in the evaluation of a number of disease states, such as cerebral ischemia and reperfusion, blood flow deficits in Alzheimer's disease, HIV-cognitive motor complex dementia, and epilepsy (5) . The tight spatial coupling between brain activity and CBF also permits the use of perfusion MRI for imaging brain function. In this capacity, perfusion techniques are advantageous since they have a higher specificity than the more commonly employed method of functional mapping based on BOLD (blood oxygen level-dependent). Whereas BOLD contrast contains both intravascular and extravascular components as well as significant contributions from draining veins, alterations in perfusion due to neuronal activation can be restricted to capillary and tissue level and mainly to gray matter (7) . Consistent with this, the locations of the functional BOLD and CBF signals were shown to be only partially overlapped (10) . The vascular specificity of perfusion methods were recently employed to investigate the spatial coupling between CBF changes and brain function. It was found that perfusion increases induced by elevated neuronal activity are predominantly confined in the submillimeter scale of iso-orientation columns in the cat visual cortex (11) . Perfusion measurements with MR have also played an important role for the quantification of hemodynamic parameters associated with neuronal activation. Recently, simultaneous BOLD and perfusion MRI studies have provided estimates of the change in cerebral metabolic rate of oxygen consumption caused by neuronal activation (8, (12) (13) (14) .
The aforementioned properties indicate that perfusion MRI can play an increasingly important role in neuroscience research. This is especially true when partial volume effects can be minimized and voxel sizes in the submillimeter range can be attained (11, 15) . In spite of the widespread significance and importance of CBF imaging, little progress has been made in obtaining high spatial resolution functional data in the human brain. To a large extent, the technical advancement and routine use of perfusion MRI with spin labeling is still challenged by the intrinsically very low perfusion MR signal. To extract the perfusion information, an image containing the labeling information is subtracted from a control image, providing quantitative localized measurement of blood flow to the capillary bed. However, the signal intensity in the subtracted image is nearly two orders of magnitude lower than that in the original image. Thus, SNR is critical, especially considering limited measurement times in human studies. Consequently, currently reported spatial resolutions of perfusion images of the human brain are typically 3.1 ϫ 3.1 ϫ 8 mm 3 . However, obtaining functional brain images with high spatial as well as temporal resolution is critical for neuroscience research.
The recent availability of ultrahigh magnetic fields for human studies brought advantages of increased SNRs and a prolonged T 1 value of blood, which is beneficial for spin-labeling techniques (16) . Here we use a FAIR-type (4) arterial spin labeling technique combined with single-shot gradient-echo echo-planar imaging (EPI) to perform functional CBF mapping with voxel sizes as small as 0.9 ϫ 0.9 ϫ 1.5 mm 3 in the human brain at 7T. Signal-to-noise gains from an increased magnetic field, a novel combination coil setup, and a zoomed imaging technique using FOV reduction were utilized to expand perfusion imaging in the human brain toward high spatial resolution.
MATERIALS AND METHODS

fMRI Setup
A total of seven normal subjects (three females, four males) participated in this study, approved by the institutional review board at the University of Minnesota. All subjects provided written consent.
Visual stimulation was presented via a rear projection system including a high luminance video projector and an optical setup with mirrors and specialty lenses. For functional activation, a block paradigm was used with 60-sec stimulus-on and 60-sec stimulus-off (three epochs). Highcontrast moving gratings were presented. A bite bar was used to reduce subject motion. During the entire scan, subjects were asked to fixate on a fixation point at the center of the screen. Fixation was monitored by pushbutton feedback upon randomized small luminance changes.
Physiological data were acquired using the software AcqKnowledge (BIOPAC Systems, Santa Barbara, CA). The respiratory signal was recorded using a pneumatic belt placed around the subject's upper abdomen. The cardiac signal was gauged with a pulse oximeter placed on the subject's finger, which provided a delayed systolic signal.
RF Coil and System
MR imaging of the human visual cortex was performed on a 7T / 90 cm horizontal bore magnet (Magnex Scientific, Abingdon, UK) interfaced to a Varian INOVA console (Varian, Palo Alto, CA). The system was equipped with a Magnex head gradient set, which is torque-balanced, selfshielded, and water-cooled (38 cm ID). Driven by a Siemens Harmony/Symphony 800V/300A gradient amplifier (Siemens, Erlangen, Germany), a maximum gradient strength of 40 mT/m was achieved with a rise rate of 200 mT/m/ms. Localized shimming was performed with FAST(EST)MAP (17) , providing a linewidth of 15-20 Hz in a 6-cm sphere, which covered most of the visual cortex.
For increased SNR and homogeneous spin inversion for CBF imaging, a novel RF coil design was implemented as described previously (18) . The coil operated as an actively switched combination coil set. This provided both the advantage of uniform spin excitation and inversion of a large coil and the high sensitivity of a small coil for signal reception. The RF combination coil is shown in Fig. 1 . The open-face housing design, which was convenient for fMRI task presentation within a confined head gradient setup, contained a half-volume quadrature coil as the transmit coil (18 ϫ 12 cm 2 coil pair). The receive coil, consisting of a small quadrature coil with two partially overlapping 6-cm diameter loops, was placed on top of the transmit coil holder in close proximity to the region of interest (ROI). An RF shield was incorporated into the resonance circuitry of the transmit coil. The half-volume coil was detuned during receive by means of short-circuiting six PIN diodes towards the RF shield. Similarly, the small quadrature coil was detuned during transmit using one PIN diode in a standard resonance trap circuitry for each loop.
Perfusion Imaging With Adiabatic FOV Reduction
Image acquisition was performed with single-shot gradient-echo EPI. After spin inversion for FAIR contrast (4), an FOV reduction module, BISTRO (19, 20) , was applied immediately before the spin excitation at the beginning of the EPI sequence.
Echo Planar Imaging
A blipped EPI sequence was used for acquiring all EPI data. The sequence was implemented with a readout gradient waveform consisting of alternating trapezoidal lobes. Nonlinear sampling in time was used on the ramps of each gradient, providing equidistant sampling in the k-space along the readout direction. To minimize the Nyquist ghost, a reference scan was collected and used in conjunction with the algorithm of Bruder et al. (21) to correct for any discrepancy between the odd and even echoes. To a large extent this algorithm also reduced the distortions caused by off-resonance, providing reasonable registration between the fMRI data and anatomical scans.
Axial EPI images were acquired at three different inplane resolutions, 2 ϫ 2 mm 2 , 1.2 ϫ 1.2 mm 2 , and 0.9 ϫ 0.9 mm 2 . The corresponding FOV in the phase-encode direction was 12.8 cm (64 lines), 4.8 cm (40 lines), and 3.2 cm (36 lines) with a readout duration per line of 0.57 ms, 0.82 ms, and 1.02 ms, respectively. Image repetition time was 3 sec, with an excitation flip angle of 85°. The time to the center of k-space after excitation was about 22 ms, which is close to tissue T* 2 at 7T (22) . Slice thickness was varied in different experiments from 8 mm to 3 mm to 1.5 mm. The acquisition time for one series was 6.5 min, corresponding to a total of 132 single-shot images.
Encoding of Cerebral Blood Flow
A FAIR-type preparation was used for pulsed arterial spin labeling (4). To achieve a sharp profile for slice-selective inversion, adiabatic inversion was performed using a hyperbolic secant pulse (23) with a pulse length of 12 ms and a bandwidth of 1.67 kHz. Complete inversion was achieved in more than half of the human brain, including the entire occipital lobe. According to the FAIR method, the inversion, in consecutive scans, alternated between a nonslice selective full inversion (nsIR) and a slice selective inversion (ssIR) that was selective in the same plane as the imaging slice. Parameters that determined the perfusion contrast were the inversion time TI (time between inversion and excitation), delay time (time after excitation and next inversion), and the slice thickness of ssIR (thk IR ).
The study's goal was to develop perfusion-based mapping of functional activity. Specific aims included the acquisition of functional maps that are more specific to the site of activation than BOLD functional maps, achievement of the highest spatial and temporal resolution possible in the human brain. Perfusion fMRI time series with different sets of parameters were compared with BOLD fMRI series to assess spatial extent of activation as well as the contrast-to-noise ratio (CNR). The inversion time TI was varied from 0 -2 sec and the delay time from 1.5-6 sec (data not shown). Series using different slice thickness thk IR and different spatial resolutions are described in Results. We found a TI of 1.5 sec and a of 1.5 sec to be a good compromise for functional mapping. This timing resulted in an effective duration of 6 sec per CBF image (two images). For the practicality of functional stimulation in humans, the time of the stimulation period should be as short as possible, thus balancing image repetition time and SNR per measurement time. With a stimulus-on and stimulus-off duration of 60 sec each, 10 images per block epoch provided sufficient data points for proper statistical analysis without extending the total time per series beyond 6 min.
Adiabatic FOV Reduction
To accomplish a single-shot acquisition at 0.9 ϫ 0.9 mm 2 in-plane resolution with gradient-echo EPI, the FOV was reduced in the phase-encode direction to 3.2 cm, which covers most of the functionally activated areas in the early visual cortex. Similarly, for 1.2 ϫ 1.2 mm 2 in-plane resolution, the FOV was reduced to 4.8 cm. The BISTRO module (B 1 -insensitive train to obliterate signal) (19, 20) was placed directly before the spin excitation of the EPI sequence and was made as short as possible to minimize interaction with the FAIR inversion.
BISTRO is an adiabatic outer-volume suppression (OVS) method that uses frequency-swept RF pulses insensitive to FIG. 1. RF combination coil used for high-resolution perfusion fMRI studies in humans at 7T (a). A large half-volume quadrature coil (18 ϫ 12 cm 2 coil pair) was used for transmit. In the current design, a small quadrature receive coil (6-cm average diameter coil pair) was placed in a separable movable enclosure. The spacing between transmit and receive coil was adjusted for optimal transmit homogeneity within the FOV of the receive coil. The coil operated as an actively switched combination coil design with the advantages of a large volume for homogeneous spin excitation and inversion and a small volume with high sensitivity for reception. The degree of the actual achieved "quadrature" mode of the coil is demonstrated in b (quadrature mode) and c (anti-quadrature mode).
RF field inhomogeneities and has previously been used mainly for MR spectroscopy. Briefly, a train of RF pulses with variable power and dephasing gradients is applied to suppress signal in a defined slab. BISTRO is different from commonly used OVS methods (see references in Ref. 19 ), since it is designed to work even in inhomogeneous B 1 fields of surface coils, where conventional methods that rely on the ability to adjust a 90°flip angle over a large volume fail. In a recent article, Garwood and colleagues (19, 20) extensively described the method and its performance using surface coils. Here, the number of pulses and power levels used were optimized in order to achieve a complete OVS in a single shot in the shortest amount of time possible. Adjustments were performed on a profile of the image projected onto the phase-encode direction.
Comparing a full FOV acquisition without and with OVS (Fig. 2a,b) , BISTRO with four RF pulses was sufficient to suppress the signal outside the volume of interest (VOI) (Fig. 2b) . The total duration of the BISTRO RF pulse train for two slabs posterior and anterior to the VOI was 79 ms, which was small compared to a TI of 1.5 sec. With a reduced FOV of 3.2 cm, the VOI was acquired in a single shot (Fig. 2c) instead of using four segments. For gradient echo high-resolution perfusion mapping this meant a reduction of the time per single CBF image from 24 sec to 6 sec at 0.9 ϫ 0.9 mm 2 resolution.
Data Processing
After correction for respiration-induced dynamic off-resonance using DORK (24) and a phase correction using the reference scan, a discrete Fourier transformation was applied to reconstruct the images. The reconstructed image series were analyzed with STIMULATE (25) and with routines written in PV-Wave (Visual Numerics, Boulder, CO).
To calculate fMRI time series based on perfusion (CBF maps), two alternating images with ssIR and nsIR were subtracted from each other. To get the inversion-recovery prepared BOLD image series, images with nsIR were taken for analysis (BOLD maps). Statistical maps were generated using a Student's t-test contrasting the activated level vs. the control level, which resulted in the mean and standard deviation of both levels, the percent change, t-value, and confidence level. Before testing, the image series were averaged over the three epochs and over multiple experiments when applicable.
RESULTS
A map of CBF with 0.9 ϫ 0.9 ϫ 3 mm 3 resolution in the human brain, acquired with FAIR-type gradient-echo EPI at 7T, is shown in Fig. 3b . Gray-white matter boundaries, manually generated from the anatomical images in Fig.  3a ,c, are overlaid. With this high spatial resolution, the CBF map should show high intensities in blood vessels and in gray matter areas, which was indeed observed (Fig.  3) . In white matter areas, CBF contrast was minimal, as expected because of significantly lower blood flow (Fig.  3b) . The spots of largest CBF (illustrated as contours in Fig.  3c ) were predominately located between gyri, where surface blood vessels are present, and in the sagittal sinus and other cerebral and extracerebral large vessels.
High-resolution mapping of functional activation (0.9 ϫ 0.9 ϫ 3 mm 3 ) is demonstrated in Fig. 4 with CBF-based functional images (fCBF, left column) and compared with BOLD functional maps (fBOLD, right column). The latter is obtained from one of the two different acquisitions in the data collected for the CBF maps, namely, the series with nonselective inversion preparation. Positive and negative t-scores were calculated on the time average of 15 epochs and were found to be highly significant for fCBF and fBOLD (Fig. 4a,e) . Percent signal change was over 100% for fCBF in 137 out of 747 pixels activated (P Ͻ 0.05) and over 10% for fBOLD in 266 out of 1032 pixels (P Ͻ 0.05) (Fig. 4b,c,f,g ). Similar large signal changes were observed in the averaged time courses of all voxels with P Ͻ 0.05 (5 series averaged, Fig. 4d,h) .
Gray matter borders and high intensity CBF contours, deduced from images in Fig. 3 , were overlaid onto the functional maps to assess anatomical and tissue-specificity. In functional studies, CBF changes due to neuronal activation associated with capillaries and tissue can be selectively detected when labeling times TI are long (ap -FIG. 2 . Single-shot gradient-echo EPI at high spatial resolution of 0.9 ϫ 0.9 mm 2 , with a zoomed imaging approach. The entire visible FOV seen by the RF coil, acquired with 0.9 ϫ 0.9 mm 2 in-plane resolution using four segments (a). Four segment 0.9 ϫ 0.9 mm 2 imaging as in a, but with the adiabatic outer-volume suppression method BISTRO (19, 20) , suppressing the signal outside of a 3.2 cm slab in the phase-encode direction (b). Same 3.2 cm slab as in b, but acquired with 0.9 ϫ 0.9 mm 2 resolution using single-shot acquisition with a reduced FOV of 3.2 cm (c).
proximately larger than 1.5 sec). Accordingly, and in contrast to raw CBF maps, the fCBF maps did not show high intensity in sinuses and large blood vessels, or the space between gyri (Fig. 4a,b,c) . Comparing the functional tscore maps in Fig. 4a ,e, similar activated areas were detected in the fBOLD and in the fCBF images. An obvious difference is that the fBOLD maps were more widespread and had larger areas activated than the fCBF maps. The fCBF maps revealed more spatial variations of the t-scores. In the sulci and sinuses, where the largest amount of CBF was found (Figs. 3c and 4c contours) , the functional fCBF signal was minimal in these locations (Fig. 4a,c) . In contrast, the fBOLD maps showed highest t-scores (Ͼ5) and percent changes (Ͼ10%) between the gyri. In the gray matter BOLD the percent changes were smaller (3-5%).
Comparison of the fCBF and fBOLD maps in Fig.  4 indicated that the fCBF maps were more localized to gray matter, whereas the activation of the fBOLD peaked in the sulci. This is consistent with contribution of proximal draining veins in the fBOLD images and CBF changes being selective to tissues.
When performing high-resolution CBF-based mapping at 0.9-mm voxel size in the human brain, we found much higher percent signal changes compared to experiments with 2-mm and 3-mm spatial resolutions. To illustrate better, fCBF and fBOLD functional time series were compared at five different voxel volumes from 32 mm 3 to 1 mm 3 (average of three epochs each). Studies were performed using the same paradigm with two different inplane resolutions (2 ϫ 2 mm 2 and 0.9 ϫ 0.9 mm 2 ) and slice thickness of 8 mm, 3 mm, and 1.5 mm. Time courses are plotted in Fig. 5 and the results of statistical analysis are listed in Table 1 . The same statistical threshold of P Ͻ 0.05 was used for all series. The overlap of activated voxels detected by fBOLD and fCBF is shown in Fig. 6 at two resolutions (commonly activated voxels are yellow, fBOLD-only voxels red, fCBF-only voxels blue). At the lower resolution of 2 mm (Fig. 6a) , the fraction of commonly activated voxels was relatively large (51% of the total fBOLD voxels and 69% of the total fCBF voxels overlapped). In contrast, at the high resolution of 0.9 mm (Fig.  6b) , much less spatial overlap was observed for fBOLD and fCBF (23% of the total fBOLD voxels and 38% of the total fCBF voxels overlapped).
The mean signal decreased linearly with the voxel volume (R ϭ 0.995 for fCBF, R ϭ 0.99996 for fBOLD). The signal intensity in the CBF-weighted images was about 7% of the BOLD-weighted images. The activated volume also decreased linearly with the voxel volume (R ϭ 0.993 for fCBF, R ϭ 0.989 for fBOLD). When comparing the CNR by means of the t-value, it was found that the t-value was similar for all spatial resolutions in fBOLD, but increased exponentially with decreasing voxel volume for fCBF (R ϭ 0.9968). Similarly, the percent signal changes increased with smaller voxel volume modestly for fBOLD, but rose very rapidly for fCBF (Fig. 5, Table 1 ). These data are consistent with the hypothesis that partial volume effects are more pronounced for fCBF, which is confined to gray matter, whereas T* 2 BOLD suffers from a nonspecific spread.
DISCUSSION
In the present work, a method for functional imaging at high spatial resolution based on contrast of CBF changes coupled to neuronal activity was developed. For the first time, CBF maps of the human brain were obtained at high spatial resolution. High sensitivity was achieved by signalto-noise gains at 7T. In addition, a reduction of the FOV was critical to achieving 0.9-mm in-plane resolution with single-shot EPI. The results demonstrate that 1) CBF mapping is feasible at submillimeter resolution in the human brain; 2) sustained functional CBF changes were detected at high spatial resolution, which were temporally and spatially highly correlated with BOLD changes; and 3) FIG. 3 . High-resolution CBF image of the human visual cortex in an axial plane with a 0.9 ϫ 0.9 mm 2 resolution. Anatomical images for registration and gray-white matter segmentation were acquired with inversion-prepared TurboFLASH (a) and inversion-prepared EPI (c). The perfusion map is shown in b with overlaid gray-white matter borders. The highest CBF contours are also plotted over the anatomical image in c and show a maximum of cerebral blood flow especially in locations between the gyri and in larger veins and sinuses. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.] large increases of CNR were gained for functional CBF mapping at high spatial resolution when compared to functional BOLD mapping.
The major problem in performing perfusion MRI, and in particular perfusion-based fMRI at higher spatial resolution, is the intrinsically low perfusion MR signal. Therefore, we utilized the recent availability of ultrahigh magnetic fields for human studies. It is generally accepted that the SNR scales linearly with field strength (26, 27) and this was recently experimentally shown for 7T (28) . In addi- , e-g ), which were acquired simultaneously (interleaved) with the fCBF maps. Results of a t-test analysis with P Ͻ 0.05 (15 epochs averaged) are depicted in the positive and negative t-score maps (red and blue scale bar) with high values (Ͼ5) shown in yellow. Percent changes range from 30% to over 100% for fCBF and from 3% to over 10% for fBOLD, respectively (b,f). Anatomical contours are overlaid in b,f, perfusion map contours are overlaid in c,g. The time courses, averaged over five series, show fCBF and fBOLD functional activation (P Ͻ 0.05, d,h). Voxels were interpolated to 0.45-mm resolution and thresholded with a cluster size of six voxels. tion, the prolonged T 1 value of blood at high magnetic fields (16) is advantageous in spin labeling techniques in general and for continuous arterial spin labeling methods in particular, given that the physiological transit times in the brain are in the range of 0.5 sec to 2 sec (29) . For pulsed arterial spin labeling, longer repetition times were needed at higher fields, which was compensated with longer inversion times. The latter provided additional advantages, FIG. 5 . Series of fMRI experiments at five different voxel sizes from 32 L to 1.2 L, demonstrating high percent changes at small voxel sizes due to a reduced partial volume effect. Percent signal changes upon function activation increased with decreasing voxel volume from 50 -260% for fCBF and from 2.5-8.9% for T* 2 fBOLD. The time courses, averaged over three epochs (P Ͻ 0.05, t-test), are shown for the interleaved acquired fCBF (bottom row) and T* 2 fBOLD (top row). Corresponding statistical data are listed in Table 1 . All series were acquired with three stimulation periods using the same paradigm. After averaging across the epochs, voxels were selected based on a threshold of P Ͻ 0.05. The t-test analysis was then performed on the voxel-averaged time courses of activation (as shown in Fig. 5 ).
because signal from faster inflowing label was suppressed, diminishing contributions from large blood vessels. In our choice of perfusion-related parameters, we optimized the repetition time and the inversion time to achieve the best CNR for functional mapping at high-resolution with a short repetition time of 3 sec per image. Furthermore, the development of a new combination coil design was crucial for CBF mapping in the human brain at submillimeter resolution. The use of a small quadrature receive coil increased the SNR in the ROI by a factor of five compared to the large half-volume coil (18) . For the perfusion contrast, the large transmit coil of the actively switched combination coil was necessary for the relatively homogeneous B 1 -field for spin excitation and inversion. Similar approaches using head coils were used for spin-echo experiments, where spin refocusing in a larger volume is needed (29, 30) . The open-face design was a feature that allowed easy setup of visual stimulation for front and rear projection in a relatively narrow gradient bore.
Despite the small size of the receive coil, the effective FOV of about 10 -12 cm made it necessary to use four segments for gradient-echo EPI with in-plane resolution of 0.9 mm. Therefore, we incorporated an adiabatic outervolume suppression scheme, BISTRO, to achieve a reduced FOV of 3.2 cm to accommodate single-shot acquisition. The main advantage was a four-fold shortening of the imaging time. In the case of a FAIR-type experiment, this method decreased the time per image from 24 sec to 6 sec. This was essential for the functional studies, which would otherwise have not been feasible with stimulus-on and stimulus-off durations of 60 sec each. Another major advantage was the absence of segmentation artifacts in the single-shot acquisition, which may be induced by physiological fluctuations and system instabilities. Working at high magnetic fields, where physiological noise (at least respiration-related fluctuations) is more pronounced than at lower fields (24) , the use of single-shot EPI was important to the success of high-resolution CBF mapping in humans.
fCBF and fBOLD time courses were compared at different spatial resolutions and voxel volumes ranging from 32 mm 3 to 1 mm 3 . For both the fCBF and fBOLD the mean signal intensity (control period of activated voxels) decreased linearly with the voxel volume ( Table 1) . A linear correlation was not fully expected, considering that the ROI used for the calculation of the mean signal was derived from a statistical test and was different for each resolution. Assuming the activation to be a point source, a simple model would predict a linear dependence of the activation signal on the voxel size.
With decreasing voxel size, a significantly different behavior was found between the fCBF and the fBOLD activation data. Figure 6 provides a comparison of the spatial overlap of fCBF and fBOLD maps at two spatial resolutions. The observation that at higher resolution the common area considerably decreased from about 50% to 25% is consistent with a reduced partial-volume effect at higher spatial resolution. It shows that the locations of the fBOLD and fCBF signals only partially overlap, which was also reported recently in a study at 2.5 ϫ 2.5 ϫ 8 mm 3 resolution (10) . In addition, that the overlap between fBOLD and fCBF signal decreases at higher spatial resolution points to a systematic dissociation between the functional BOLD and CBF contrast.
Furthermore, the CNR and t-values of the fCBF data dramatically increased at high resolution (Table 1) . This was not the case for the fBOLD data, where the CNR and t-values were similar at different voxel sizes. One possible interpretation of this observation is that the noise in fBOLD data scaled with the amount of functional activation (31), while that was not the case for fCBF data. In the spatial scale used, gray and white matter areas and CSF space increasingly intermix in voxels covering the cortex as the voxel size increases above 0.9 ϫ 0.9 ϫ 1.5 mm 3 . This follows from the cortical gray matter structure, which is 1-2 mm thick and contains extensive curvature and folding. The fact that fCBF is more sensitive to the partialvolume effect in this spatial scale indicates that CBF-based mapping is more sensitive to gray matter geometry, hence is spatially more localized to gray matter and more specific. In other words, the present data indicate that the point spread function of fCBF is narrower than that of T* 2 fBOLD. This conclusion is consistent with findings in other human and animal studies (10, 11) .
In summary, we have demonstrated high-resolution perfusion-based functional imaging in the human brain. Millimeter and submillimeter spatial resolution resolved different tissue types and greatly reduced partial-volume effects. These developments can improve neuroscience studies and diagnostic imaging. Based on these initial experimental data, it is suggested that neuronal activity is better represented by functional CBF than T* 2 BOLD maps at high resolution. This is significant for understanding localized brain function in humans and clarification of the physiological basis of functional neuroimaging.
